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The House Sparrow is a globally distributed species and is closely associated with
anthropised environments. They are well-adapted to urban life; therefore the decline
of their populations in Europe represents an unexpected event that demands an
investigation into its causes. Causes that have promoted this decline are not well-known,
but one of the highlighted hypotheses is an increase of oxidative stress linked to the
toxicity of pollution in urban areas. From an ecophysiological perspective, oxidative
damage, antioxidant defense, and oxidative balance are considered reliable indicators
of environmental stressors such as pollutants. To carry out this study, blood samples
were collected from House Sparrows in three different habitats that varied in terms of
urbanization degree: urban, suburban, and rural; during the winter and breeding season.
According to our results, urban sparrows showed higher levels of oxidative damage and
higher activity of antioxidant enzymes, but lower antioxidant capacity in comparison with
the rural birds; and these differences especially increase during the breeding season. The
maintenance of oxidative balance increases in an urban environment in comparison to
a rural one; we suggest that the high level of pollution and the poor quality diet linked
to urban environments. The breeding season is expected to be particularly challenging
for the oxidative balance of urban birds, when the reallocation of resources between
self-maintenance and reproduction may be critical due to the scarcity of antioxidants
found in urban areas. This study may contribute to determining the causes of the
population decrease of House Sparrows in cities.
Keywords: urbanization, biomarker, pollution, antioxidant defense, oxidative damage, bird
INTRODUCTION
Urban areas have been growing rapidly over the last several decades, and it is expected that they will
continue to expand at the expense of natural and rural habitats. From an ecological perspective,
urban environments present some novel challenges for birds, such as new predators, new flora,
human presence, unique food resources, and high levels of chemical, light, and acoustic pollution
(Gaston, 2010; Lepczyck and Warren, 2012; Forman, 2013; Gil and Brumm, 2014). However, these
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novel and potentially stressful conditions generated by urban
environment processes have also provided new opportunities for
certain species to gain an ecological advantage by exploiting city
resources (Lepczyck and Warren, 2012; Costantini et al., 2014).
Such resources are characterized by lower predation rates (Evans
et al., 2015), higher environmental temperatures (Tryjanowski
et al., 2015), lower competition for resources (Kark et al., 2007),
and a constant, abundant, and more predictable food resources
supply, in comparison with the surrounding non-anthropogenic
areas (Shochat, 2004; Oro et al., 2013; Andersson et al., 2015;
Tryjanowski et al., 2015; Marzluff, 2016).
The House Sparrow (Passer domesticus L.) is one of these
urban exploiter species, meaning that it dominates highly
urbanized environments. It is the most ubiquitous and globally
distributed bird, probably due to its ecological tolerance that
allows them to cope with urban environments: they are
generalist, granivorous, gregarious, and sedentary, they nest in
cavities, they are unbothered by human presence, and they are
able to explore new feeding sources (Anderson, 2006; Kark et al.,
2007; Evans et al., 2011). However, in the last few decades,
urban populations of House Sparrow have significantly dropped,
especially in the highly developed regions ofWestern Europe (De
Laet and Summers-Smith, 2007; Peach et al., 2008; Shaw et al.,
2008; De Coster et al., 2015). There is no consensus on the reason
for such a decline, but the increasing level of pollution has been
highlighted as one of the main driving factors (Shaw et al., 2008;
Herrera-Dueñas et al., 2014).
The atmosphere of urban areas tends to accumulate high
concentrations of carbon dioxide (CO2), nitrous oxides (NOx),
sulfur dioxide (SO2), ozone (O3), heavy metals and other
suspended particulate matters (PM). In cities, these pollutants
are mainly derived by burning fossil fuels (Grimm et al., 2008;
Gaston, 2010), representing an environmental risk from human
to ecosystem levels (Forman, 2013). In relation to human health,
a correlation has been described between the level of pollution
and higher humanmortality rates, mainly associated with cancer,
asthma and cardiovascular disorders (Kelly, 2003). To date,
deleterious effects on wildlife are less well-known, but pollution
has been related to reproductive performance, lower survival
rates and shorter lifespans (Isaksson, 2010; Koivula and Eeva,
2010; Salmón et al., 2016). One trait that has been highlighted
as responsible for the toxicity of urban pollutants is their high
reactivity to biomolecules (Koivula et al., 2011). Therefore,
oxidative stress has been described as an underlying mechanism
by which urban pollutants cause deleterious effects in living
organisms (Isaksson, 2010).
Oxidative stress has been defined as the occurrence of
enzymatic and non-enzymatic antioxidants that cannot fully
neutralize the free radicals produced in the cells of living
organisms. Free radicals are commonly generated as a by-product
of normal metabolic processes. Hence all aerobic organisms
have evolved multiple defense lines to prevent or counteract
the toxicity of reactive by-products, ranging from antioxidant
enzymes to low molecular weight endogenous antioxidants (i.e.,
GSH), complemented by some dietary antioxidant such as
carotenoids or vitamins (Halliwell, 2007). Under pro-oxidant
conditions, the unquenched free radicals remain in the system
long enough to cause further oxidation reactions (Monaghan
et al., 2009). Such reactions may damage macromolecules, such
as lipids, proteins, and DNA. Severe accumulation of oxidative
damage in these molecules leads to cellular dysfunction or
apoptosis, which triggers disease and age-related degeneration
(Costantini and Verhulst, 2009; Isaksson, 2015). This supports
the hypothesis that the resistance to oxidative stress is a key
cellular mechanism to cope with urban pollutants, so the capacity
to quench the oxidative damage has been highlighted as a critical
adaptation to life in the city (Costantini et al., 2014).
The levels of oxidative stress in organisms could also vary
with developmental stage, environmental condition, and level of
activity (Isaksson, 2015). Reproduction could increase oxidative
stress as an inevitable consequence of increased reproductive
effort (Romero-Haro et al., 2016) and/or because the developing
offspring consume antioxidants otherwise allocated to self-
maintenance (Alonso-Alvarez et al., 2004; Moller et al., 2010;
Berglund et al., 2014). Therefore, oxidative stress may have a
dramatic effect on bird fitness during the breeding season.
Regarding the roles of these antioxidants in maintaining the
oxidative balance, four different scenarios could be described:
(I) low oxidative damage due free radicals being quenched by
the excess supply of antioxidants (endogenous or diet-provided);
the maintenance of the oxidative balance in this case is not
costly for self-maintenance of individuals, and resources can be
reallocated to other functions (i.e., reproduction). (II) Oxidative
damage is in balance with antioxidant availability; therefore,
there is no surplus of resources, but self-maintenance is not yet
costly for individuals. (III) Oxidative damage persists and to
counteract it, the individual may increase its antioxidant capacity
by up-regulating some antioxidant enzymes; this entails a cost
because some resources must be diverted from self-maintenance.
(IV) Oxidative damage is uncontrolled; the antioxidant defenses
have been overwhelmed and the survival of the individual is
compromised (Costantini and Verhulst, 2009; Monaghan et al.,
2009) (Figure 1).
We predict that the first scenario will correspond to areas with
a low degree of urbanization and therefore to lower levels of
pollution (such as the rural ones); the second one will correspond
to mild stressor environment (such as the suburban areas);
whereas the third scenario will correspond to highly urbanized
areas, where the high level of pollution may be a challenge for
antioxidant defenses. We will explore the oxidative stress balance
during winter, but also during the breeding season, when adults
are reproducing.
MATERIALS AND METHODS
Area Characterization
House sparrows were sampled at six locations of central Iberian
Peninsula: Plasenzuela, a small village 230 km away from big
cities such as Madrid (PZ: 39◦22′39′′ N; 6◦02′57′′ W and
427m altitude), Olmeda de las Fuentes, another small village
50 km East of Madrid located in a traditional agricultural
area of the region (OF: 40◦21′38′′ N; 3◦12′23′′ W and 794m
altitude), El Escorial, a small town 50 km Northwest of
Madrid with typical suburban structure (i.e., family houses
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FIGURE 1 | The different scenarios (I, II, and III) depending on the relationship
between the environmental stressors (such as pollution) and dietary
antioxidants (the scenario IV has been excluded due to it is not expected to be
related to urban environments). FR (red color) represents free radical
production: intrinsic + induced by environmental stressors; and AOX (green
color) represents a number of antioxidants available: endogenous +
antioxidant enzymes + dietary antioxidants.
with individual gardens) (EE: 40◦34′55′′ N; 4◦07′41′′ W and
1.030m altitude), Las Matas, a small town 25 km Northwest
of Madrid in an area with a similar suburban structure (LM:
40◦33′41′′ N; 3◦53′56′′ W and 720m altitude), Fuenlabrada,
a town 25 km South of Madrid in the traditional industrial
area of the region (FB: 40◦17′07′′ N; 3◦48′35′′ W and 650m
altitude) and Madrid city center, one of the biggest cities of the
Mediterranean region (MD: 40◦25′03′′ N; 3◦42′42′′ Wand 670m
altitude). These sampling areas were chosen because they show
strong differences in their landscape and their anthropization
degree. In addition they showed high bird densities due to
the constant food supply: a horse stable in MD and a farm-
school in FB, gardens with hen cages in the suburban areas,
and a sheep farm in OF and a poultry farm in PZ. Therefore,
it was expected that birds would not show symptoms of
starvation and their condition would vary depending on other
environmental stressors such as pollutants, and the availability
of essential nutritional complements that they should intake (i.e.,
insects).
One of the most reliable indicators of the urbanization process
is land cover (Marzluff, 2008; Gaston, 2010; Niemelä, 2011;
Lepczyck andWarren, 2012), which can be complemented by the
population density (Marzluff, 2008; Lepczyck and Warren, 2012)
and air quality (Gaston, 2010; Forman, 2013). Data referring to
air quality (NO2 and PM10) were collected from the European
Environmental Agency (EEA), and data referring to human
density and land uses were collected from the Spanish Statistics
Institute (INE) and the Information System for Land Uses in
Spain (SIOSE), which had a resolution of 0.05 km2 (Table 1). The
percentage of each land use (industrial, housing, recreation urban
areas, agricultural and natural) was calculated in a 4 km2 area
around the sample point using Photoshop (Figure 2), based on
the species movements described by Anderson (2006).
Bird Sampling
This study was carried out in accordance with all applicable
institutional and national guidelines for the care and use of
animals. Bird sampling was performed with permissions from
landowners and the regional Consejería de Medioambiente
de la Comunidad de Madrid (REFS: JML/ecc-10/038121.9/13;
IPZ/ecc-10/068353.9.14; and Delegación deMedioambiente de la
Junta de Extremadura REFS: EJD/jmca-CN0004/14/ACA).
A total of 210 adult House Sparrows were captured during
the winter period (December 2013 to February 2014) and the
breeding season (April 2014 to June 2014) in the different
habitats (Table 2). The birds were trapped with mist nests or
traps and ringed. They were weighed (±0.1 g), their tarsus
length was measured (±0.1 mm) and blood samples were
collected. Birds were captured in mist nets and retained until
manipulation in cloth bags to keep them safe and calm. All
sampled birds were released unharmed at the site of capture after
manipulation.
Blood samples (∼0.2 ml) were collected (∼15 min after
capture) by jugular venepuncture using 30 G needles. The blood
was collected in heparinized tubes and kept at 4◦C before
transporting to the laboratory (maximum 4 h). Blood was
centrifuged for 10 min at 1,800 × g (10,000 rpm) to separate
the erythrocyte pellet and plasma, and was divided into aliquots
to avoid freeze-thaw cycles. All samples were stored at −80◦C
until use.
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TABLE 1 | Characteristic of sampled localities based on the habitat variables: population density (n◦ inhabitants/km2), land use (%) and air quality (NO2, SO2, PM10, and
PM2.5 inµg/m
3).
Habitat Site Population density Housing land Recreation land Industrial land Agricultural land Natural land NO2 SO2 PM10 PM2.5
Urban MD 5,225 58.88 38.34 1.12 0.00 0.00 37.95 5.03 ND ND
Urban FB 4,960 33.75 8.27 13.23 34.53 8.72 31.11 ND 28.26 ND
Suburban LM 1,040 31.35 3.96 0.23 0.87 60.89 27.69 ND ND 13.4
Suburban EE 222 17.26 7.91 0.59 9.76 58.83 22.66 ND 23.21 ND
Rural OF 20 0.97 0.19 0.00 54.19 37.65 7.03 ND 17.30 ND
Rural PZ 14 0.47 0.03 0.00 41.47 56.18 4.97 2.54 16.05 ND
FIGURE 2 | Images used for calculating the land uses at each sample point: Madrid city (A), Fuenlabrada (B), Las Matas (C), El Escorial (D), Olmeda de las Fuentes
(E), and Plasenzuela (F). The dark pink areas represent housing and roads, the light pink represent urban parks and recreation facilities, the purple ones represent
industrial areas, the yellowish ones represent agricultural lands and the greenish ones represent natural areas like forest or field.
Oxidative Stress Biomarkers
Due to the complex relationship between the different
elements constituting the oxidative stress system, at
least several oxidative damage and antioxidant capacity
biomarkers must be determined to correctly interpret the
results (Monaghan et al., 2009). To evaluate the oxidative
stress balance of House Sparrows, we determined the
antioxidant capacity of plasma, as well as the oxidative
damage and activity of some antioxidant enzymes in the
erythrocytes.
The total antioxidant capacity (TAC) of plasma is a reliable
biomarker to describe the global oxidant/antioxidant balance of
individuals. This was determined spectrophotometrically using
the ferric reducing ability of plasma (FRAP) method described by
Benzie and Strain (1996), with the slight modifications described
by Hargitai et al. (2012). This method is based on the ferric
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TABLE 2 | Number of individuals captured per locality and season.
Rural Suburban Urban
PZ OF EE LM FB MD
Winter Males 12 12 12 10 7 26
Females 9 11 11 11 13 14
Breeding season Males 8 ND ND 19 ND 8
Females 11 11 5
reduction: Fe3+ (ferric) to Fe2+ (ferrous) ion reduction at low
pH causes the formation of the colored ferrous-tripyridyltriazine
(Fe2+-TPTZ) complex. Briefly, 20µl of diluted plasmawasmixed
with 150µl of ferrous ion and TPTZ at low pH and incubated
for 20 min. FRAP values were obtained by comparing the
absorbance change at 593 nm in test reaction mixtures with
those containing Fe2+ in known concentration. The parameter
was corrected with the uric acid value (Costantini, 2011), which
was spectrophotometrically measured at 520 nm by the uricase
method (Fossati et al., 1980) using a commercial kit from
Spinreact R©. The intra-assay and inter-assay coefficient variation
(CV), respectively, were 1.72 and 1.97%.
The oxidative damage was determined in the lipid and
erythrocyte proteins. The lipid peroxidation was estimated
spectrophotometrically by the thiobarbituric acid (TBA) reaction
with malondialdehyde (MDA), a by-product of the peroxidation
of membrane lipids according to the method of Ohkawa et al.
(1979). This method is controversial since it has been considered
less accurate in comparison with the quantification based on the
HPLCmethod, due to overestimation of the results (Grotto et al.,
2009). Although other authors still consider spectrophotometry
as a reliable methodology for the determination of lipid
peroxidation (Zeb and Ullah, 2016) and we still use it due
to technical reasons, this result is less reliable and it should
be interpreted carefully and together with other biomarkers of
oxidative damage. Briefly, 250µl of the erythrocyte homogenate
was reacted with 500µl of TBA solution (pH 3.5), the mixture
was heated at 80◦C for 60 min. Under these conditions, the
TBA-reactive substances (mainly MDA) reacted with TBA to
yield TBA-MDA adducts, which were detected at 532 nm.
The concentration of the chromophore was calculated from a
calibration curve prepared with tetramethoxypropane (TMP)
solution. The intra-assay and inter-assay CVs, respectively,
were 2.89, and 7.24%. The protein oxidation was estimated
spectrophotometrically by 2,4-dinitrophenyl hydrazine (DNPH)
reaction with the carbonyl groups, by-products of the oxidation
of proteins, using the method by Reznick and Packer (1994)
with the modifications describe by Arnal et al. (2011). Briefly,
100µl of the erythrocyte homogenate was subjected to a reaction
with 100µl of DNPH in acid solution of HCl at 37◦C in the
dark for 30 min; the corresponding hydrazone derivatives were
revealed after the addition of 200µl of NaOH and measured
at 505 nm. The concentration of carbonyls was calculated from
a calibration curve prepared with a stock solution of sodium
pyruvate. The intra-assay and inter-assay CVs, respectively, were
2.56 and 8.67%.
The enzymatic antioxidant system capacity was determined by
the evaluation of glutathione peroxidase (GPX) and superoxide
dismutase (SOD) activity. The activity of GPX was measured
spectrophotometrically by reduction of 5, 5′-dithiobis, 2-
nitrobenoic acid (DTNB) for the activity of GPX using the
glutathione (GSH) of the cells, as described by Moin (Tkachenko
et al., 2014). The reaction was read at 412 nm every 30 s for
3 min. Activity is expressed asµmol GSH/min/ml. The intra-
assay and inter-assay CVs, respectively, were 6.92 and 7.69%.
The activity of SOD was measured spectrophotometrically by
the containment of autoxidation of pyrogallol, as described by
Marklund andMarklund (1974). The reaction was read at 420 nm
every 60 s for 5min. Activity is expressed as U/ml. The intra-assay
and inter-assay CVs, respectively, were 7.39 and 8.74%.
Samples were randomly distributed among plates. All the
assays were running in duplicate. The same assay was running
in all the samples during the same lab session.
Data Analysis
The body condition index of individuals was calculated using the
scaled mass index (SMI) recommended by Peig and Green (2009)
for small animals. The SMI has been calculated according to the
equation:
SMI = Mi ×
(
L0
Li
)bSMA
whereMi and Li are the bodymass and tarsus length of individual
I, respectively; L0 is the arithmetic mean value of tarsus length for
the study population; and bSMA is the scaling exponent estimated
by the standardized major axis (SMA) regression of lnM on ln L.
In order to evaluate the effect of habitat and season, we used a
general linear mix model (GLMM). Fix factors included in the
whole model were habitat (rural, suburban, or urban), season
(winter or breeding) and their interaction (habitat× season) and
the capture locality as random factor. In all analyses, sex (male
or female) and body condition (as SMI) were also included as
covariates. A post-hoc assay (Tukey’s HSD) was performed only
for traits regarding habitat. All themodels were tested for residual
normality.
All results are expressed as means ± standard error of means
(X ± S.E.M.). All analyses were performed in R-Studio version
3.3.1 using the lme4, the lmerTest, and the lsmeans packages.
RESULTS
Area Characterization
Although the characterization of urban landscapes is complex
due to its heterogeneity and huge variation between regions, the
sampling sites showed a clear pattern in terms of air quality, land
use, and population density. We were able to clearly disentangle
three different categories (Marzluff, 2008; Gaston, 2010; Forman,
2013): (I) urban, a completely anthropic landscape typical of big
cities or town centers, usually characterized by a high percentage
of ground occupied by buildings and pavements mixed with
facilities (such as shops, museum, schools, hospitals, and sport-
centers), with high population densities. These areas are usually
associated with high pollutant levels due to traffic and heater
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emissions. (II) Suburban, residential areas located at the edge
of big cities and/or smaller towns. It is also characterized by
a high building density, but the most common structures are
houses with gardens so the percentage of green areas is usually
higher and better distributed than in urban areas. In addition,
non-anthropized areas, such as forests or fields, contribute to
the landscape. The quality of the air usually improves in these
areas because of the lower population density; however, it is still
high in comparison with rural settlements. Finally, (III) rural,
villages, or even smaller settlements embedded in natural or
agricultural landscapes. In this case, the percentage of buildings
and roads is lower when compare to green areas. Its population
density is sparse and the quality of air is good according to the
standard.
Body Condition and Oxidative Stress
Biomarkers
The body condition, calculated as SMI, showed a significant
interaction between habitat and season [F(2, 113.02) = 5.92;
p = 0.003], driven by the fact that the SMI of urban birds had
a trend for being lower during the breeding season compared to
winter (t = −2.86; p = 0.052), whereas rural birds showed the
opposite trend (they were bigger during the breeding season).
In the suburban population, SMI was similar in both seasons.
Overall, the SMI of rural birds was higher in comparison with
the other population (Figure 3, Table 3).
In relation to oxidative stress biomarkers, the season did
not show any effects, while the habitat seemed to play a main
role. Only in the case of TAC did the model show a significant
FIGURE 3 | Body condition and oxidative stress biomarkers analyzed. (A) Body condition calculated as scaled mass index (SMI). Values are expressed as mean ±
S.E.M. Asterisk (*) represent individuals captured at winter and filled circles (•) represent individuals captured during the breeding season. Letters indicate statistical
difference: means with the same letter are not statistically different (Tukey’s tests, p ≤ 0.05); (B) Total antioxidant capacity calculated as FRAP. Values are expressed as
mean ± S.E.M. Asterisk (*) represent individuals captured at winter and filled circles (•) represent individuals captured during the breeding season. Letters indicate
statistical difference: means with the same letter are not statistically different (Tukey’s tests, p ≤ 0.05); (C) Lipid damage calculated as TBARS. Values are expressed
as mean ± S.E.M. Asterisk (*) represent individuals captured at winter and filled circles (•) represent individuals captured during the breeding season. Letters indicate
statistical difference: means with the same letter are not statistically different (Tukey’s tests, p ≤ 0.05); (D) Protein damage calculated as concentration of carbonyls
groups. Values are expressed as mean ± S.E.M. Asterisk (*) represent individuals captured at winter and filled circles (•) represent individuals captured during the
breeding season. Letters indicate statistical difference: means with the same letter are not statistically different (Tukey’s tests, p ≤ 0.05); (E) Glutathione peroxidase
activity (GPX). Values are expressed as mean ± S.E.M. Asterisk (*) represent individuals captured at winter and filled circles (•) represent individuals captured during
the breeding season. Letters indicate statistical difference: means with the same letter are not statistically different (Tukey’s tests, p ≤ 0.05); (F) Superoxide dismutase
activity (SOD). Values are expressed as mean ± S.E.M. Asterisk (*) represent individuals captured at winter and filled circles (•) represent individuals captured during
the breeding season.
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TABLE 3 | The model for each dependent variable when exploring the effect of
the habitat and season on body condition and oxidative stress biomarkers.
Dependent
variable
Source of variation d.f. F p-value
BODY CONDITION
Scaled mass index
(SMI)
Habitat 2, 2.51 14.04 0.043
Season 1, 125.25 0.80 0.371
Habitat × Season 2, 113.02 5.92 0.003
OXIDATIVE BALANCE
Total Antioxidant
Capacity (FRAP)
Habitat 2, 2.92 17.14 0.024
Season 1, 51.79 6.04 0.017
Habitat × Season 2, 37.02 3.63 0.036
OXIDATIVE DAMAGE
Lipid peroxidation
(TBARS)
Habitat 2, 177 5.68 0.004
Season 1, 177 0.35 0.549
Protein oxidation
(Carbonyls)
Habitat 2, 123 3.23 0.042
Season 1, 123 2.04 0.154
ANTIOXIDANT DEFENSES
Glutathione
peroxidase activity
(GPX)
Habitat 2, 141 9.22 <0.001
Season 1, 141 0.05 0.815
Superoxide
dismutase activity
(SOD)
Habitat 2, 2.78 2.83 0.530
Season 1, 84.76 0.39 0.213
They were corrected by covariates (sex in all cases, and sex and body condition in
oxidative stress biomarkers). Significant factors (p ≤ 0.05) have been highlighted in bold.
Non-significant interactions were excluded from the model.
interaction between habitat and season [F(2, 37.02) = 3.63;
p = 0.036]: overall, the rural birds showed a higher antioxidant
capacity in comparison with the suburban and urban birds. The
urban birds showed a significantly lower antioxidant capacity
during the breeding season compared to winter (t = −3.34;
p= 0.012) (Figure 3, Table 3).
Regarding oxidative damage, lipid peroxidation was
significantly higher in urban birds in comparison with the
suburban (t = 2.65; p = 0.023) and rural birds (t = 3.12;
p = 0.005) [F(2, 177) = 5.68; p = 0.004] (Figure 3, Table 3). The
oxidation of proteins was also higher in the urban population
compared to the suburban (t = 2.49; p = 0.036) and rural
population (t = 1.54; p = 0.027) [F (2, 123) = 3.23; p = 0.042]
(Figure 3, Table 3).
The activity of the antioxidant defense system was also
influenced by habitat. The activity of GPX was significantly
higher in urban birds compared to suburban (t= 3.75; p< 0.001)
and rural birds (t = 3.68; p= 0.001) [F (2, 144) = 9.22; p < 0.001]
(Figure 3, Table 3). However, the activity of SOD did not show
significant differences [F(2, 151) = 4.88; p = 0.008] (Figure 3,
Table 3).
DISCUSSION
We found that urban sparrows showed higher levels of oxidative
damage and a higher activity of antioxidant enzymes, but a lower
antioxidant capacity in comparison with the rural birds. Some
of these differences are especially increased during the breeding
season.
According to our predictions, the low oxidative damage
scenarios (I and II) matches the situation found in the rural
and suburban populations, respectively. Oxidative damage seems
to be low or the level of dietary antioxidants is high, because
the oxidative status (total antioxidant capacity) is balanced. In
this case, up-regulation of antioxidant enzymes has not been
required, and the depletion of antioxidants is low (Costantini
and Verhulst, 2009; Monaghan et al., 2009); therefore, they
are available for self-maintenance, which reduces the cost of
coping with oxidative damage (Isaksson et al., 2011). The higher
antioxidant capacity found in the rural populations (scenario
I) could reflect a surplus of dietary antioxidants, probably due
to the availability of some dietary antioxidant complements
such as vitamins or minerals. Based on the antioxidant capacity
found in suburban birds, the pool of antioxidants must be
lower or, probably, oxidative damage increases with urbanization
process (scenario II) (Costantini et al., 2014; Isaksson, 2015).
In both cases (rural and suburban areas), the maintenance of
the oxidative balance would not be costly for individuals, and
a reproductive investment should not represent an additional
challenge for coping with the oxidative balance (Alonso-Alvarez
et al., 2004; Wiersma et al., 2004).
On the other hand, the increasing oxidative damage scenario
(III) is in accordance with the results found in urban areas. The
oxidative damage in lipids, proteins, and GPX activity showed
higher values than those in rural and suburban populations; and
the antioxidant capacity of urban birds was lower, especially
during the breeding season. These results were expected and
in line with a previous study which also found a lower TAC
linked to urban areas (Herrera-Dueñas et al., 2014). Here, we
propose that pollution could be responsible for the variation
in oxidative stress balance between urban and rural areas. For
instance, major atmospheric pollutants, such as particles (PM)
or heavy metals, have been described as pro-oxidant elements
(Kelly, 2003; Isaksson, 2010; Koivula and Eeva, 2010) and their
deleterious effects on oxidative stress balance have been described
in some urban birds such as Great Tits (Parus major L.) (Koivula
et al., 2011), Feral Pidgeon (Columba livia L.) (Kurhalyuk et al.,
2009), White Stork (Ciconia ciconia L.) (Kaminski et al., 2007).
Similar results have also been found in humans (Chuang et al.,
2007; Moller et al., 2014). Therefore, the quantification of these
pollutants in the blood or feathers of our populations of House
Sparrow may be a useful parameter to confirm this hypothesis in
the future.
The lower response to TAC in the urban population is also
in line with previous studies that reported poor quality of urban
food in terms of antioxidant levels such as carotenoids, vitamins,
and minerals (Isaksson and Andersson, 2007; Isaksson, 2015;
Tryjanowski et al., 2015). In other urban species like Blackbirds
(Turdus merula L.), it has been reported that rural populations
showed higher concentrations of vitamin E and carotenoids than
their urban conspecifics, mainly caused by differences in their
diet (Moller et al., 2010). Additional studies about the quality of
diet in urban birds and its effects on oxidative stress balance could
contribute to verifying this theory.
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Under pro-oxidant conditions, the up-regulation of
antioxidant enzymes may be required and dietary antioxidants
may be depleted; both mechanisms entail some costs (Dowling
and Simmons, 2009; Isaksson et al., 2011), which may reduce the
fitness and reproductive performance of urban birds (Isaksson,
2015). This is a costly status for individuals, as they must
allocate all available resources to counteract the oxidative stress
imbalance (Costantini and Verhulst, 2009; Monaghan et al.,
2009; Isaksson, 2015). The lack of dietary antioxidants during
the breeding season in a challenging environment such as an
urban area could lead to potentially negative carry-over effects,
in nestlings, linked to early-life nutritional constraints (Metcalfe
and Monaghan, 2001). It has been widely reported that the poor
condition of House Sparrows nestlings in urban areas is linked to
a nutritional deficit (Liker et al., 2008; Bókony et al., 2010; Seress
et al., 2012; Meillère et al., 2015). Furthermore, an early-life
diet that is poor in antioxidants can result in a long-term
impairment in the capacity to assimilate dietary antioxidants,
like the carotenoids, vitamin A and E in adulthood (Blount
et al., 2003; Monaghan et al., 2009; Costantini et al., 2014).
Nutritional constraints in early-life further interact to shape the
organization of the redox system (Costantini et al., 2014), which
could may explain the lack of the antioxidant capacity that we
have found in the adults from our urban populations which
could be due to the important role that epigenetic mechanism
seem to play in the final modulation of oxidative status (Isaksson,
2015).
In our study, we found that rural birds showed better
body condition in comparison with their conspecifics in other
areas, especially the urban individuals. This result is consistent
with the hypothesis of Shochat (2004) in which birds from
urban environments show a poorer condition than conspecifics
rural birds; and according to previous studies that found these
differences between urban and rural populations of House
Sparrow (Vincent, 2005; Liker et al., 2008; Bókony et al.,
2010; Seress et al., 2012; Herrera-Dueñas et al., 2014). The
weak condition of urban birds may be also linked to the
nutritional constraints that they suffer during early-life, which
could negatively affect body condition in adulthood (Bókony
et al., 2010; Seress et al., 2012), even if the restriction diminish
at later life stages (Liker et al., 2008). Body condition, especially
during development, is often positively correlated with pre- and
post-fledgling survival rates (Lamb et al., 2016); consequently,
poor condition is often observed in a declining population such
as urban House Sparrows (Dulisz et al., 2016).
Apart from the direct effects of poor diet and pollution
on oxidative stress, we should also consider that natural
selection may have favored different phenotypes in urban and
rural populations. For instance, it has been reported that
expression of genes that code for metal detoxification enzymes
are upregulated in urban populations of Great Tits (Parus
major L.) in comparison with rural ones. Therefore, epigenetic
mechanisms could generate life-long changes in gene expression,
and subsequently, phenotypic traits between urban and rural
populations (Watson et al., 2017).
Our study has revealed the fragile oxidative stress balance
of the urban House Sparrow, promoted either by an excess of
harmful free radicals due to pollution, or insufficient antioxidants
due to scarce availability of dietary antioxidants, or both in
urban environments. Therefore, birds need to invest resources
in maintaining the oxidative stress balance, which is costly
especially during the breeding season, when the constraints of
antioxidants could entail negative consequences not only on the
body condition of the individuals, but also on the viability and
future fitness of their offspring. The accumulative effects of lower
quality individuals and carry over effects at the population level
may be one of the causes underlying the population decreases of
urban House Sparrow populations across European cities.
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